Abstract. The interaction between the climate system and the large polar ice sheet regions is a key process in global environmental change. We carried out dynamic ice simulations of one of the largest drainage systems in East Antarctica: the Lambert Glacier-Amery Ice Shelf system, with an adaptive mesh ice sheet model. The ice sheet model is driven by surface accumulation and basal melt rates computed by the FESOM (Finite-Element Sea-Ice Ocean Model) ocean model and the RACMO2 (Regional Atmospheric Climate Model) and LMDZ4 (Laboratoire de Météorologie Dynamique Zoom) atmosphere models. The change of ice thickness and velocity in the ice shelf is mainly influenced by the basal melt distribution, but, although the ice shelf thins in most of the simulations, there is little grounding line retreat. We find that the Lambert Glacier grounding line can retreat as much as 40 km if there is sufficient thinning of the ice shelf south of Clemence Massif, but the ocean model does not provide sufficiently high melt rates in that region. Overall, the increased accumulation computed by the atmosphere models outweighs ice stream acceleration so that the net contribution to sea level rise is negative.
Introduction
Climate change can affect an ice sheet by altering its mass balance directly through surface accumulation and melting, or indirectly through melting and refreezing on the ice shelfocean interface and the consequential dynamic thickening and thinning (van den Broeke et al., 2009; Williams et al., 2011; Huybrechts and de Wolde, 1999) . So far the retreat and disintegration of ice shelves in the west and east coasts of the Antarctica Peninsula as well as some of the dramatic thinning and elevation changes observed in Pine Island Glacier are associated with atmospheric and oceanic warming (Scambos et al., 2000; Skvarca et al., 1999; Joughin et al., 2003; Shepherd et al., 2002) . Mass change over the ice sheet will in turn affect the global sea level (van den Broeke et al., 2009) : the rate of sea-level rise due to the present-day mass loss from Antarctica is about 0.25 mm a −1 for 2000-2011 (Shepherd et al., 2012) . These concerns motivate the application of numerical models that attempt to simulate the current state of ice sheets and their response to future climate forcing.
As one of the largest ice drainage systems in Antarctica (Rignot and Thomas, 2002 ) the Lambert Glacier-Amery Ice Shelf (LG-AIS) system plays a crucial role in determining the future responses of East Antarctica to climate change as it drains about 16 % of the grounded East Antarctica (Fricker et al., 2000) . The grounded portion of the system is thought to be in balance or gaining mass according to numerous observations (Wen et al., 2006 (Wen et al., , 2008 Yu et al., 2010) . At the same time, the Amery Ice Shelf interacts with the ocean cavity beneath resulting in complex patterns of melting and refreezing (Galton-Fenzi et al., 2012) . In total, 50 % of the mass (around 46.4 ± 6.9 Gt a −1 ) leaves the ice shelf through basal melting , with the remainder lost through calving events at the northern edge (Yu et al., 2010) .
AIS has a relatively narrow shape compared to the Ross Ice Shelf and the Ronne-Filchner Ice Shelf and its ice Published by Copernicus Publications on behalf of the European Geosciences Union. shelf front only accounts for 1.7 % of the total East Antarctic coastline (Budd et al., 1967) . Several topographic features ( Fig. 1 ) characterize the dynamics of AIS including Clemence Massif (Hambrey and Dowdeswell, 1994) , which is an elongated, mostly ice-free massif located at the southeastern part of the ice shelf. Three large glaciers: Lambert, Fisher, and Mellor glaciers, converge at the ice shelf's southern tip. The AIS has long been considered a stable ice shelf that is currently undergoing a natural advance-calve-advance cycle (Fricker et al., 2002) . Observations of its mass balance (Wen et al., 2006 (Wen et al., , 2008 Yu et al., 2010) and model studies of the rift propagation process on its ice front (Larour et al., 2004; Bassis et al., 2005; MacAyeal et al., 2006) support that hypothesis. But the future state of the whole drainage system has large uncertainties under the influence of global warming and model studies can perhaps throw light on the future of the ice shelf and its adjacent glaciers.
In this study, we carried out dynamic simulations of the Amery Ice Shelf drainage basin, which includes the Lambert, Fisher and Mellor glaciers. Two factors govern the results of the projection when doing dynamic simulations. One is the input climatic forcing; the other one is the issue of whether the ice sheet model can properly capture the ice sheet flow. A set of previously published surface mass balance (SMB) and basal melt-rate calculations were employed as climate forcing in this study. Two higher resolution atmospheric models, LMDZ4 (Laboratoire de Météorolo-gie Dynamique Zoom) (Agosta et al., 2013) and RACMO2 (Regional Atmospheric Climate Model) (Ligtenberg et al., 2013) , and one ocean model, FESOM (Finite-Element SeaIce Ocean Model) (Timmerman and Helmer, 2014) , are chosen to provide the SMB and basal melt rate respectively. They are driven by the boundary data computed by two global climate models, HadCM3 (Hadley Centre Coupled Model, version 3) and ECHAM5, which are in turn driven by the SRES (Special Report on Emissions Scenarios) greenhouse gas emissions scenarios E1 and A1B.
The ice sheet model used in this study employs adaptive mesh refinement (AMR) to obtain a non-uniform mesh that has a finer spatial resolution where dynamical features such as grounding line and fast flowing ice streams exist, and coarser resolution where fine resolution is unnecessary. As the resolution of the mesh evolves with time to follow the grounding line (Cornford et al., 2013) , this model is well suited to studying grounding line migration and dynamic thinning in the region of the Amery Ice Shelf. In order to assess the response of the drainage system to uncertain climate forcing in 21st and 22nd centuries we consider 1. ice thickness and velocity change and grounding line migration 2. contribution to global sea level change 3. and the differing roles of accumulation and sub ice-shelf melting as well as the influence of topographic features on the dynamics of the system.
Methodology

Ice sheet model
The BISICLES adaptive mesh ice sheet model used in this study is described in detail in Cornford et al. (2013) . It employs a vertically integrated model based on Schoof and Hindmarsh (2010) which includes longitudinal and lateral strains and a simplified treatment of vertical shear strain and is best suited to ice shelves and fast flowing ice streams.
Ice is assumed to be in hydrostatic equilibrium so that given bedrock elevation r and ice thickness h the upper surface elevation s is
in which ρ i and ρ w are the densities of ice and ocean water. The ice thickness h and horizontal velocity u satisfy a pair of two-dimensional partial differential equations, an ice transport equation, 
where˙ is the horizontal rate-of-strain tensor,
and I is the identity tensor. The vertically integrated effective viscosity φhμ is computed from the vertically varying effective viscosity µ through
where µ includes a contribution from vertical shear and satisfies
where the flow rate exponent n = 3 and φ is a stiffening factor (or, equivalently, φ −n is an enhancement factor). A(T ) depends on the ice temperature T through the Arrhenius law proposed by Hooke (1981) ,
where A 0 = 0.093 Pa −3 a −1 , Q/R = 9.48 × 10 3 K, f = 0.53 K k , k = 1.17 and T r = 273.39 K. Note that since we solve an inverse problem (described below) to find the unknown φ, the precise form of A(T ) is not crucial. We make use of a linear viscous friction law, so that the basal traction is
Like φ, C will be determined by solving an inverse problem.
Equations (2) and (3) are discretized, using the Chombo C++ toolkit (Colellaet al., 2013) , on block-structured adaptive meshes that are modified throughout the simulation in order to maintain fine resolution along the grounding line and in ice streams, and coarser resolution elsewhere. Meshes having grid cells with x = 10, 5, 2.5, 1.25 or 0.625 km (a fivelevel mesh) are used for the main experiments in this study, and additional lower resolution meshes are used to demonstrate that the five-level meshes are adequate. Figure 4 shows a portion of a four-level mesh -one level coarser than used, because the higher resolution mesh is too dense to displaycentred on the AIS grounding line.
Ice thickness and bedrock topography data ( Fig. 1 ) are drawn from the 5 km ALBMAP DEM (digital elevation model) (LeBrocq et al., 2010) and averaged or interpolated onto the block-structured meshes as required. The basic mask for the whole Antarctic is obtained from the Mosaic of Antarctic (MOA) coastline shape files (Haran et al., 2005; Scambos et al., 2007) . Modifications have been made to the grounding line in order to smoothly combine the grounded ice sheet, which is largely from BEDMAP data sets (Lythe et al., 2001) , with the ice shelf. The basal topography and marine bathymetry is based on the BEDMAP data sets but more data have been provided in ALBMAP data sets, especially bathymetry underneath ice shelves. The ice thickness data of grounded ice is produced through incorporation of the original BEDMAP ice thickness and the AGASEA/BBAS data for West Antarctic Holt et al., 2006) .
All of the simulations are carried out on a rectangular domain. Figure 2 shows the full extent of this domain, and the drainage basin of the AIS within it. The region outside the drainage basin is used only to provide boundary conditions at the ice divide, and throughout this paper ice sheet volume above flotation, surface mass balance, and melt-rate statistics are reported with respect to the drainage basin only.
We need to provide a basal friction coefficient field C(x, y) along with temperature and stiffening factor fields T (x, y, z) and φ(x, y) to solve Eq. (3). Ice temperature data is provided by a three-dimensional thermomechanical higher-order model (Pattyn, 2010) , while the basal friction and stiffening coefficients inside the drainage basin are found by solving an inverse problem. We seek to minimize the difference between the magnitude of modelled velocity and velocity data taken from InSAR (interferometric synthetic aperture radar) observations acquired during the years 2007 to 2009 , using an optimization method similar to that of MacAyeal (1992), Joughin et al. (2009) and Morlighem et al. (2010) . Outside the drainage basin we set C(x, y) = 10 5 Pa m −1 , which in effect means no flow across the ice divide, and φ = 1. Figure 2 shows the observed ice speed and the modelled speed at the start of the simulation side by side.
Having matched the velocity observations, we find highfrequency variation in the ice thinning (or thickening) rates, which are assumed to be artifacts of interpolation and other sources of error in the ice sheet geometry Seroussi et al., 2011) , or mismatch between the time at which the geometry and velocity were observed. So before carrying out all the targeted experiments we run (relax) the model for a period with a present-day forcing to bring it closer to a steady state. The relaxation is carried out in two stages. First we set the SMB to the 2000-2009 mean from a high-resolution atmosphere model (the HadCM3/E1/RACMO2 data described in Sect. 2.2), and the sub-shelf melt rate is chosen to keep the ice shelf in steady state. After 50 years, we compute an accumulation rate M 0 s required to keep the grounded ice in steady state, and a melt rate M 0 b that will keep the ice shelf close to steady state. We then run the model for 50 years starting again from the original state with the achieved accumulation and melt rate. The resulting ice sheet is closer to, but not at, equilibrium, and we carry out all projections starting from this state, with SMB and melt rates computed by adding the perturbations described in the next section to M 0 s and M 0 b . Absent any perturbations, the drainage basin gains mass at a rate of 5 km 3 a −1 .
The melt rate is decomposed into grounding line localized and ambient components. Higher melt rates are expected close to the grounding line and are required to keep the ice shelf there in steady state. On top of that, flowline calculations indicate that elevated melt rates close to the grounding line can result in a dynamic response quite different from the response to elevated melt some distance downstream (Walker et al., 2008; Gagliardini et al., 2010) . We construct a scheme that allows higher melt rates to follow the grounding line by setting
where p = 1 at the grounding line and decays exponentially with distance from it. The components M GL and M A are determined by considering the ice mass flux in regions close to and far from the initial grounding line respectively, smoothed to remove short wavelength features, and then extrapolated into the surrounding regions. The ambient melt-rate coefficient R A is calculated from the mass flux divergence far from the grounding line:
This field then forms the right-hand side to a parabolic equation,
which is integrated with respect to the time-like parameter s to find a value M A (x, y) = M A (x, y, S). Given a largeenough S, the effect is to extrapolate −R A (x, y) across the domain and at the same time smooth it over the length scale λ = 12.8 km. A similar extrapolation and smoothing procedure is followed to compute M GL (x, y), using the same parabolic equation but with a different right-hand side:
(12) Figure 3 shows the initial melt rate computed in this way.
Climate forcing
Future climate forcings were derived from the atmosphere and ocean models by computing space-and time-dependent anomalies with respect to the 1980-1990 mean, and adding them to the base accumulation and melt rates described in Sect. 2.1. Such an approach was necessary because the climate models are not in close agreement at the start of the calculation, nor are they in equilibrium with the ice sheet. Both accumulation and melt rates increase over the simulation period, but there is considerable variation, with the HadCM3 scenarios leading to far higher melt rates than the ECHAM5 scenarios (which show essentially no increase in melt rates from the present day) and LMDZ4 producing significantly more accumulation over the AIS drainage basin than RACMO. The accumulation anomalies are summarized in Table 1 , and the melt-rate anomalies in Table 2 . The resulting SMB and melt anomalies drive seven basic simulation cases combining the FESOM melt rates with the LMDZ4 and RACMO accumulation rates for each global climate model and emissions scenario. We named each of these after the climate data that drives it. For example, HadCM3/A1B/RACMO2/FESOM combines the HadCM3/A1B/RACMO2 surface mass balance
The Cryosphere, 8, 1057-1068, 2014 www.the-cryosphere.net/8/1057/2014/ with the HadCM3/A1B/FESOM melt-rate anomalies. Note that only HadCM3/A1B simulations are available for the full 220 years: ECHAM5 simulations ran only until 2100 and E1/FESOM simulations until 2150. There are no ECHAM5/A1B/LMDZ4 data. Two further simulations were added to these seven basic cases: a control calculation with no anomalies, and HadCM3/A1B/None/FESOM, which was constructed from the HadCM3/A1B/FESOM melt rates with no accumulation anomaly applied. Melt-rate anomalies computed from the FESOM data have an obvious shortcoming. Since the FESOM calculations assumed the AIS remained in its present-day configuration, no melt-rate anomaly is computed for regions behind the present-day grounding lines, which however becomes afloat during the course of the ice sheet model simulation. Given that the melt rate close to the grounding line is usually considered to be important (Walker et al., 2008; Gagliardini et al., 2010) , we considered this source of error by constructing one further set of calculations (HadCM3/A1B/None/FESOM+), where the HadCM3/A1B/FESOM melt data is extrapolated into any newly floating regions by setting the melt rate there to the maximum value found in the original data within 100 km. The resulting distribution of melt rates over the ice shelf is shown for the years 2100 CE (common era) and 2200 CE in Fig. 3 alongside the original data for the year 2200 CE.
In summary, we carried out total of ten climate-forced experiments: the seven combinations defined by the surface mass balance and melt-rate anomalies summarized in Tables 1 and 2, two experiments with melt-rate anomalies but no accumulation anomaly, and a control run. The basic experiments ran from 1982 till at least 2100, or further if the forcing data was available. The HadCM3/A1B and control experiments ran till 2200 CE and the HadCM3/E1 experiments till 2150 CE, while all of the ECHAM5 experiments ran till 2100 CE.
Extreme forcing
We investigated the degree to which the Amery Ice Shelf buttresses the glaciers at its southern edge by carrying out a set of progressively more extreme ice-shelf collapse experiments. In each of these, we imposed melt rates of 1000 m a −1 over a portion of the ice shelf, effectively removing that part of the shelf entirely within a few years. These are of course unrealistic melt rates, and are intended only to allow us to determine which (if any) parts of the ice shelf are important in maintaining the tributary glaciers in equilibrium. In the most extreme case, experiment S 0 , these high melt rates are applied over the entire ice shelf, including regions that unground during the course of the simulation, while in cases S 1 -S 5 the ice-shelf region north of an east-west line (shown in Fig. 9 ) disappears.
Results and discussion
Mesh refinement
Before considering the sensitivity to climate forcing, we must demonstrate that our chosen meshes, with the finest resolution x min = 0.625 km, are adequate. experiment carried out on a sequence of meshes with progressively smaller x min . The final position of the grounding line (Fig. 4) varies only a little from the coarsest ( x min = 10 km) to the finest ( x min = 625 m) resolutions, although some change is evident, in particular at coarser resolution. The rate of convergence with mesh resolution is more obvious in a plot of the volume above flotation (VAF) against time (Fig. 5) . At the coarsest resolution, VAF grows by around 3000 km 3 (9 mm sea level equivalent) over 220 years, while at the finest resolution it grows by around 600 km 3 and then shrinks to yield a −76 km 3 net change by 2200. The second-finest resolution ( x min = 1.25 km) shows a similar result, and differs from the x min = 0.625 km net VAF increase by 140 km 3 and the x min = 2.5 km VAF increase by 300 km 3 . This is indicative of a first-order rate of convergence with x min and allows us to estimate the truncation error for the x min = 0.625 km net VAF increase to be around 150 km 3 . That is a fraction of the difference between the 625 m HadCM3/A1B/None/FESOM+ and HadCM3/A1B/RACMO2/FESOM VAF increase The coarsest resolution calculation results in 10 mm of sea level fall over 220 years, while the finest resolution calculations results in a 2 mm fall over the first century and a 2 mm rise in the second. The difference between curves with finest mesh spacing x min and 2 x min decays with x min . Only when x min ≤ 1.25 km is the difference between successive curves much smaller than the difference caused by a change in forcing -in this case switching from no SMB anomalies to HadCM3/A1B/RACMO2 anomalies.
HadCM3/A1B/LMDZ4 surface mass balance anomalies (5100 km 3 ), and a fraction of the VAF increase in the control run (1100 km 3 ).
Dynamic response to climate model forcing
Evolution of the model ice flow dynamics is essentially determined by the melt-rate data. Although the HadCM3/A1B/LMDZ4/FESOM and HadCM3/A1B/RACMO2/FESOM simulations experience quite different accumulations over the 22nd century (an average of 50.6 vs. 12.4 km 3 a −1 ), they undergo similar patterns of change. Figure 6 shows a cross section of the ice sheet and its velocity running along Lambert Glacier and onto the ice shelf, and it is clear that in both cases the ice shelf evolves in the same way, with the majority of the thinning -around 500 m -taking place in the 22nd century when the FESOM melt rates are higher. The dynamic response to this thinning is deceleration over most of the ice shelf, but acceleration close to the southern section of the grounding line, both in the ice shelf and in the glaciers upstream.
As the tributary glaciers accelerate they lose some mass to the ice shelf, a trend which is evident for the HadCM3/A1B/None/FESOM and HadCM3/A1B/None/FESOM+ simulations in Fig. 7 . The HadCM3/A1B/FESOM melt-rate anomalies are modest up until 2100 and increase thereafter (Fig. 3, Table 2 ). As a result, volume above flotation in these two simulations increases by 530 and 570 km 3 respectively (1.6 mm sea level equivalent) in the 21st century, compared to 680 km 3 in the control simulation, and then decreases by 630 and 650 km 3 (1.8 mm sea level equivalent) in the following century, against a further 430 km 3 increase in the control simulation.
At the same time, none of the climate-forced simulations exhibit significant grounding line migration. Figure 8 . shows the final grounding lines for those simulations that run until 2200, and although the grounding line has retreated in all but the control case, the distance retreated is less than 5 km along much of its length, including the Lambert Glacier trunk in the south and Charybdis Basin in the west. Only at a few locations along the eastern section does the grounding line retreat more, by up to 10 km.
Note that despite its extrapolation of FESOM melt rates into regions that float during the course of the simulation, the HadCM3/A1B/None/FESOM+ simulation shows the same dynamical response as the HadCM3/A1B/None/FESOM simulation. There is essentially no difference in either the final shape of the grounding line or the plot of volume above flotation against time. This does not suggest that the distribution of melt rate is not important, since the grounding line does not retreat far at all and the unaltered FESOM melt rates remain elevated close to the grounding line even without extrapolation.
Dynamic response to extreme forcing
Since the ice shelf thins considerably over the course of the climate-forced simulations, and in particular the northern section of the ice shelf all but disappears, we might have expected the Lambert, Mellor and Fisher glacier grounding lines to have retreated more dramatically. The southern grounding line should be buttressed to some extent by the whole ice shelf and, in general, thinning of the ice shelf should lead to immediate acceleration and thinning of the ice sheet (Dupont and Alley, 2005) and perhaps grounding line retreat (Rignot and Thomas, 2002) .
The extreme ice-shelf removal experiments allow us to consider which parts of the ice shelf buttress the southern glaciers in some more detail. The final grounding lines for these experiments are shown in Fig. 9 . If the ice-shelf removal is restricted to an area north of Clemence Massif, as in experiments S 3 , S 4 and S 5 , then the southern grounding line does not retreat by more than the 5 km seen in the FESOMforced experiments, although there is significant retreat in the area of the Charybdis Basin. However, if the ice shelf is re- Figure 6. Cross-section plots of ice sheet geometry and velocity. The cross section follows Lambert Glacier onto the ice shelf, and on to the calving front and is shown in Figs. 1 and 8. Simulation year is indicated by a greyscale for then geometry, and colours for the speed. The ice shelf remains stable in the control run, and thins in all the FESOM-forced runs. The HadCM3/A1B/LMDZ4 simulation shows the same pattern of thinning and velocity change over 200 years as the HadCM3/A1B/RACMO2 simulation, despite the factor of 4 difference in accumulation anomalies (see Table 1 ). is a step change in the grounding-line retreat. The difference between experiments S 3 and S 4 is the removal of a 2500 km 2 area of shelf immediately downstream of the massif, and both lead to a 5 km retreat at the southern end of the ice shelf. The difference between experiments S 2 and S 3 is the removal of a further 2500 km 2 area of shelf around and upstream of the massif, yet the grounding-line retreat leaps from less than 5 km in case S 3 to around 25 km in case S 2 . The most extreme cases, S 1 and S 0 , remove ice from part or all of the narrow channel south of Clemence Massif, and see 30 and 45 km of grounding-line retreat respectively.
The same step change can be seen in a plot of mass loss over 200 years (Fig. 10) . All of the extreme simulations show greater rates of mass loss than the climate-forcing experiments, with the exception of the S 5 perturbation which loses a 3 mm sea level equivalent over 200 years; however, once again experiments S 3 and S 4 result in the same trend, both losing around 5 mm, while S 2 loses an additional 3 mm. Experiments S 1 and S 0 lose a further 6 and 9 mm.
The step change in retreat between experiments S 3 and S 2 coincides with a rapid change in the width of the fast flow. From the southern tip of the shelf to around 50 km south of the massif, the ice shelf is confined to a channel around 50 km wide. After that the ice shelf widens to the east but is split into a fast flowing portion that ultimately flows past Clemence Massif on the west side, and a slower moving section on the east side. Once past Clemence Massif, the fast flow begins to diverge. It would seem that the ice shelf north of Clemence Massif transfers far less lateral resistance, so that the importance of ice shelf changes closer to the grounding line known from flowline models (Walker et al., 2008; Gagliardini et al., 2010) Figure 9 . Grounding line migration due to extreme forcing. Initial and year 2200 grounding lines are shown for all of the partial ice-shelf removal experiments. Despite the removal of the northern 25 000 km 2 of ice shelf, experiment S 5 (whose initial ice flow speed is also shown) exhibits little retreat in the southern reaches. Likewise S 4 and S 3 , even though a further 10 000-12 500 km 2 region of the shelf disappears. S 2 removes another 2500 km 2 , from the region east and west of Clemence Massif, and the grounding line retreats 25 km. S 1 and S 0 (which remove the entire ice shelf each year) show progressively greater retreat.
In each of the extreme ice-shelf removal experiments, the rate of mass loss decays throughout the simulation, leading us to think that the ice streams are tending towards stable configurations. Similarly, Fig. 6 shows that in the S 0 experiment all of the grounding line's motion took place in the first 50 years. Stable ice streams are to be expected given the topography around the present-day grounding line. Figure 1 shows the present-day grounding line lies on a prograded slope, that is, on a bed that slopes down towards the trough underneath the ice shelf along the whole of its length. Such prograded slopes can be seen for 50 km or more upstream of the grounding line. There are mild retrograde slopes further upstream in the Lambert, Mellor, and Fisher glaciers, so that marine ice sheet instability could be important for retreat over longer timescales, and it might have been important in the past: there is a region of retrograde slope underneath the ice shelf stretching from the southern tip to Clemence Massif. Figure 10 . Evolution of the volume above flotation due to extreme forcing. All of the extreme sensitivity experiments result in loss of grounded ice, from 1 mm sea level rise for experiment S 5 to 11 mm for experiment S 0 . Experiment S 3 removes 2500 km 2 more from the ice shelf than S 4 , yet the two experiments show the same trend in volume above flotation (3 mm sea level rise by 2200). Experiment S 2 removes a further 2500 km 2 , from around Clemence massif, to much greater effect (6 mm).
Contribution to global sea level change
Sea level change in our simulations is modest and the variation between them is dominated by contributions from surface mass balance (Fig. 7) . All of the climateforced experiments lead to between 340 and 1130 km 3 VAF increase (up to 3 mm sea level fall) by 2100, with the exception of the HadCM3/A1B/LMDZ4/FESOM and HadCM3/E1/LMDZ4/FESOM calculations, which lead to around 2000 km 3 VAF increase (5 mm sea level fall). Those two apply much larger accumulation anomalies over the drainage basin (see Table 1 ) -14.5 km 3 a −1 on average between 2000 and 2100, compared to 4.5 km 3 a −1 for the next largest anomaly, ECHAM5/A1B/RACMO2. There are no ECHAM5 simulations for the 22nd century, but the differences between the remaining simulations are again due to changes in surface mass balance. HadCM3/A1B/LMDZ4 increases its accumulation anomaly to 50.6 km 3 a −1 leading to 6200 km 3 VAF increase (15 mm sea level fall), while HadCM3/A1B/RACMO applies only 12.4 km 3 a −1 , leading to 1400 km 3 VAF increase (4 mm sea level fall). The difference between the two results essentially equals the cumulative difference between accumulation anomalies. The same observation is true of the two E1 simulations.
We can estimate an upper contribution to sea level rise by considering the most extreme of the ice-shelf removal experiments. Experiment S 0 led to 3500 km 3 VAF decrease (9 mm sea level rise) over 120 years, and 4500 km 3 VAF decrease (11 mm sea level rise) over 220 years, even though the entire present-day ice shelf was removed, and newly floating regions that formed during the course of the simulation were treated in the same way (Fig. 10) .
Conclusions
A high-resolution ice flow model of the Amery Ice Shelf drainage basin indicates that it will be rather stable in the face of future warming. We used the BISICLES adaptive mesh ice sheet model to compute its response to changes in surface mass balance and sub ice-shelf melt-rate anomalies provided by two high-resolution atmosphere models (RACMO2 and LMDZ4) and one high-resolution ocean model (FESOM), in turn driven by two global climate models (HadCM3 and ECHAM5) and two future emissions scenarios (E1 and A1B). Although the ocean model predicted a fivefold increase in melt rate in the 22nd century, the resulting dynamic thinning of the tributary glaciers led to no more than 3 mm sea level rise over 220 years, while the increased snowfall in the region led to up to 15 mm sea level fall.
The Lambert, Fisher, and Mellor glaciers are most sensitive to thinning of the ice shelf south of Clemence Massif. If the calving front is moved to an east-west line anywhere north of the massif, we compute only a 5 km grounding-line retreat, but if the front is moved to just south of the massif we see a 25 km grounding-line retreat. Placing the calving run progressively further south leads to up to 40 km of grounding-line retreat and 11 mm sea level rise, but in each case the grounding line stabilizes before the end of the calculation. We attribute the step change to a change in width of the ice shelf around Clemence Massif, and the stability to a bedrock that slopes down towards the ice shelf along the length of the grounding line and for tens of kilometres upstream.
